Reconstruction of the neutrino mass spectrum and lepton mixing is one of the fundamental problems of particle physics. In this connection we consider two central topics: (i) the origin of large lepton mixing, (ii) possible existence of new (sterile) neutrino states. We discuss also possible relation between large mixing and existence of sterile neutrinos.
Introduction
The experimental situation can be summarized in the following way:
1. Recent SuperKamiokande (SK) results on the atmospheric neutrinos give strong evidence for the oscillations of the muon neutrinos with large (maximal) depth
1 . An open question is to which extend the electron neutrinos are involved in the oscillations and whether an excess of the e-like events exists.
2. The situation with solar neutrinos is rather uncertain. The data indicate unexpected distortion of the recoil electrons energy spectrum 2 . It is unclear whether we deal with just statistical fluctuations, or distortion of the boron neutrino spectrum or an excess of the events near the end point which is not related to boron neutrinos. No day-night asymmetry and no earth core enhancement of signal have been found. 3 . LSND collaboration has further confirmed the oscillation interpretation of their result 3 . At the same time, KARMEN 4 does not see the oscillation effect concluding that the data are approaching the situation when one can speak on direct contradiction between the two experiments.
4. Recent cosmological observations (early galaxies, clusters evolution, high redshift supernova type IA data) show that a contribution of neutrinos to the energy density of the Universe should be smaller than it was thought earlier, and the Hot Dark Matter (HDM) is not necessary for the fit of data on the large scale structure 5 . At the same time, some amount of the HDM is not excluded and may be needed for the further tuning of the data.
a Talk given at the 5th International WEIN Symposium: A Conference on Physics Beyond the Standard Model (WEIN 98), Santa Fe, NM, June 14-21, 1998. Keeping this in mind, we will concentrate on models which explain the solar and the atmospheric neutrino data. We will consider main issues of the present day discussions:
1. Origin of the large leptonic mixing. 2. Possible existence of new neutrino states (sterile neutrinos). 3. We also comment on possible relation of these two issues, addressing the question: is large mixing the mixing with sterile neutrinos?
According to the SK result, muon neutrinos oscillate into tau neutrinos or probably into sterile neutrinos. The effective mixing angle which determines the depth of oscillations should be large in both cases sin 2 2θ > 0.8.
The favoured mode is ν µ − ν τ , although ν µ − ν s gives comparably good fit of the data. Pure ν µ − ν e channel is strongly disfavored by the SuperKamiokande data itself , and restricted by the CHOOZ result 6 . At the same time, a small contribution of the ν µ − ν e channel is possible and probably desired in view of some excess of the e -like events.
In this connection the basic questions are
• Why lepton mixing is large while quark mixing is small? Is this consistent with quark-lepton symmetry (correspondence) and Grand Unification? The question has more general conceptual nature. The picture we had before is that known quarks and leptons form families with weak interfamily connection (characterized by mixing). Should we support this conception in view of maximal mixing between the second and the third generations of leptons?
• Is lepton mixing maximal between the second and the third generations only, or probably all lepton mixings are large? In other words is the observed large lepton mixing the feature of the second and third generation or it is the property of all leptons?
The answer to this question will come from studies of solar neutrinos. In the first case the small mixing MSW -solution is realized, whereas in the second case the choice will be between the large mixing MSW solution and long range vacuum oscillations ("just-so").
Completely different possibility is that large mixing is the mixing with new (sterile) neutrino state. In this case the mixing between flavor states can be small in analogy with quark mixing.
Patterns of neutrino mass and mixing
Before going into details of the theoretical analysis, we will describe possible patterns of the neutrino mass and mixing which are implied by phenomenology. Here we consider three types of neutrino schemes with single, double (bi-) and triple maximal mixing.
Single maximal mixing
The scheme has the hierarchical mass spectrum
with ν µ and ν τ mixed strongly in ν 2 and ν 3 (see fig. 1 ). The electron flavor is weakly mixed: it is mainly in ν 1 with small admixtures in the heavy states. The solar neutrino data are explained by ν e → ν 2 resonance conversion inside the Sun. Notice that ν e converts to ν µ and ν τ in comparable portions. The atmospheric neutrino problem is solved via ν µ ↔ ν τ oscillations. Small ν e admixture in ν 3 can lead to resonantly enhanced oscillations in matter of the Earth.
There is no explanation of the LSND result, and the contribution to the Hot Dark Matter component of the universe is small: Ω ν < 0.01. The solar neutrino problem can be solved via ν e ↔ ν ′ 2 "Just-so" vacuum oscillations. Notice that ν e converts equally to ν µ and ν τ . Larger values of ∆m 2 lead to the averaged oscillation result which does not give a good fit of the solar neutrino data.
The atmospheric neutrino anomaly is solved via ν µ ↔ ν τ maximal depth oscillations.
Let us comment on the version of the bi-maximal scheme with inverted mass hierarchy: m 1 ≈ m 2 ≫ m 3 (3). Such a possibility can be realized in the model with approximate L e − L µ − L τ -symmetry. The corresponding mass matrix has the form:
Two states with maximal (or large) ν e mixing are heavy and degenerate, whereas the third state with large ν µ − ν τ mixing and small ν e admixture is light. In this scheme the ν e − ν ′ 3 level crossing occurs in the antineutrino channel, so that in supernovaeν e will be strongly converted into combination ofν µ ,ν τ and vice versa. As the result theν e 's will have hard spectrum of the originalν µ .
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Threefold maximal mixing
In such a scheme 10 all the elements of the mixing matrix are assumed to be equal:
. In all flavor channels All three frequencies of oscillations contribute to all flavor channels equally. The atmospheric neutrino problem is solved by ν µ ↔ ν e and ν µ ↔ ν τ oscillations with equal depth: sin 2 2θ = 4/9, so that the ν µ -disappearance is characterized by sin 2 2θ = 8/9. The CHOOZ bound implies that ∆m 2 < 10 −3 eV 2 . The solar neutrino survival probability equals P = 4/9P 2 +1/9, where P 2 is the two neutrino oscillation probability with maximal depth and smallest mass splitting ∆m 2 12 . It is assumed that ∆m 2 12 < 10 −11 eV 2 , so that 1 -2 subsystem of neutrinos is frozen and P 2 = 1. As the result the solar neutrino flux will have energy independent suppression P = 5/9. The fit of both the atmospheric and the solar neutrino data is substantially worser than in previous schemes. 
Is large lepton mixing the problem?
Let us first clarify whether the problem of large mixing exists at all. The conception of families of fermions can be expressed in the following way. In certain basis mass matrices of both upper and down fermions (from doublets) have hierarchical structure with small off-diagonal elements. The matrices are considered to be natural 11 if the mixing angles θ ij satisfy inequality
where m i and m j are the eigenvalues. (In this case no special arrangement of the matrix elements is needed). Let us consider the second and third generations of leptons and introduce the angles θ cl and θ ν which diagonalize the mass matrices of the charged leptons and the neutrinos correspondingly. Then the lepton mixing angle equals
Using (8) we get
where for m 3 ∼ 0.05 eV and m 2 ∼ 0.003 eV are the values of masses required by solutions of the atmospheric and the solar neutrino problems. If the angles θ cl and θ ν have opposite signs, so that θ l = |θ cl | + |θ ν |, we find θ l = 27
• and sin 2 2θ = 0.67 − 0.72 -close to the desired value 13 . Thus, the large lepton mixing is consistent with the naturalness of the mass matrices.
Notice that if neutrino masses are due to the see-saw mechanism and the mass matrix of the RH neutrinos has no hierarchy:
and the mixing angle is determined by the Dirac mass matrix m D . In this case relation between the masses and mixing becomes |θ ν | ≈ 4 m 2 /m 3 12 which leads to sin 2 2θ = 0.96. For quarks the mixing is small if the corresponding angles θ u and θ d have the same signs and therefore cancel each other in the total mixing. The same cancellation may occur for the mixing of the first and second generations, thus leading to a small mixing solutions of the solar neutrino problem.
So, the problem of the large mixing is reduced to explanation of signs (phases in general) of contributions to mixing from the upper and the down fermions. In fact, the change of the relative sign of the contributions in the lepton sector can be related to the see-saw origin of the neutrino mass 14 . Thus, the large lepton mixing can be well consistent with our "standard notions": quark -lepton symmetry (similarity of the Dirac mass matrices), usual family structure and the see-saw mechanism.
The alternative possibility is that large lepton mixing is a manifestation of new physics beyond the "standard notion". In what follows we will concentrate on this interpretation.
Classifying possibilities
Trying to answer the question why the lepton mixing is large, while the quark mixing is small one can think about the following possibilities:
• Large lepton mixing is the mixing of muon neutrino with sterile neutrino.
In this case the question does not exist: There is no analogue of ν µ − ν s mixing in the quark sector.
• If the atmospheric neutrino anomaly is due to ν µ − ν τ mixing, there are two options:
1). Mechanism of the neutrino mass generation differs from that of the quarks. For instance, the mass matrix could be
where m see−saw ν
is the see-saw contribution, whereas m rad ν is the contribution from radiative mechanism. The radiative contribution can dominate and the role of the see-saw is just to suppress the effect of the Dirac mass term. The simplest version of the radiative mechanism which leads to a large lepton mixing is the Zee-mechanism 15 . The key element is new charged scalar boson S + being singlet of SU (2). (Also second higgs doublet is introduced to have the couplings with S + ). In this case large lepton mixing is the consequence of -SU(2) gauge symmetry: the coupling of the singlet with lepton doublets
+ is antisymmetric in family index. -assumption that there is no strong inverse hierarchy of f αβ , -mass hierarchy of charge leptons. The model can be supplied by additional sterile neutrino to explain the solar neutrino problem 16 .
2). Mechanism of the neutrino mass and lepton mixing generation is closely related to generation of the quark and charged lepton masses. This possibility is realized by the see-saw mechanism 17 . According to the see-saw mechanism:
where m D ν is the Dirac mass matrix of neutrinos, M is the Majorana matrix of the RH components and m 0 is the direct majorana mass matrix of the left components which appears if the scalar (SU 2 ) triplet exists with no-zero VEV.
In the quark sector the mixing is determined by two matrices: m u for the upper quarks and m d for the down quarks. The mixing (CKM -) matrix is the product of matrices of the left component rotations:
In contrast, the lepton mixing is determined by three matrices m D ν , m l and M , and the lepton (MNS) mixing matrix 18 can be written as:
Here V ss is the see-saw matrix which specifies the see-saw mechanism itself 19 . It describes the influence of the matrix M structure on the lepton mixing. Obviously, if M ∝ I, V ss = I and V MN S = V † ν · V l in analogy with the CKM structure. According to (14) , there are three possible sources of the large mixing (of course, the interplay of several is possible):
• V ss , that is, the see-saw mechanism itself leads to enhancement (the seesaw enhancement);
• V ν which follows from Dirac neutrino mass matrix;
• V l which follows from mass matrix of the charged leptons.
Here we have neglected possible effect of m 0 , which in fact can also be important. Notice, that precise origin of the enhancement (e.g. V ν or V l ) depends on basis in which the mass matrices are introduced.
Recently, a number of models have been suggested which realize the three above possibilities.
See-saw enhancement of lepton mixing
Not only the smallness of the neutrino mass but also large lepton mixing can be related to Majorana nature of neutrinos and both can follow from the see-saw mechanism.
It is natural to assume (in a spirit of the grand unification) that the lepton Dirac mass matrices are similar to the quark mass matrices at some unification scale: m If the influence of the first generation on the mixing of the second and the third generations is small (and the problem is reduced to two generation problem), one gets two different conditions of the strong see-saw enhancement 20 :
(i) Strong interfamily connection. In the basis where the neutrino Dirac mass matrix is diagonal (Dirac basis), M should be off-diagonal:
where a and b are some numbers. The off-diagonal form of M can in turn be related to the Majorana nature of neutrinos. Prescribing the horizontal charges (0, 1, -1) we reproduce (15) .
(ii) Strong mass hierarchy. In the two generation case the matrix V ss can be parametrized by the see-saw angle θ ss which can be related to the hierarchies of the eigenvalues of the Dirac, m D i , and Majorana, M i , mass matrices:
are the masses of the RH neutrinos which give in the absence of mixing in M the masses of the light neutrinos m 2 and m 3 ) we get
Clearly, without mixing in M in the Dirac basis ǫ M = ǫ 0 and the θ ss = 0. We
, so that one mass can be M 2 ∼ 10 9 GeV and another one M 3 ∼ 10 15 GeV (see fig. 5 ). This opens interesting possibility, that third neutrino acquires the GU -scale mass. Two other RH neutrinos are massless at Λ GU and acquire masses at the intermediate scale. Notice that in this case, mixing in the M should be relatively large: Recently such a possibility has been realized in the scenario with textures of the mass matrices which also describe the masses of the charged fermions 21 . In one version
GeV. Notice that mixing between the first and the second generations is small. It is interesting that the Georgi-Yarlskog ansatz for charged leptons and quarks leads to
well in the range of small mixing MSW solutions of the solar neutrino problem.
Thus the large lepton mixing does not imply necessarily strong interfamily connection. As the consequence of the see-saw mechanism, the large mixing can follow from small interfamily mixing (in M and m D ) but strong mass hierarchy in M .
Large mixing and fine tuning?
Large (maximal) mixing "likes" degeneracy. Indeed, the symmetric 2 × 2 mass matrix with the diagonal elements a and c, and the off-diagonal elements b,
The In the context of the see-saw mechanism the large mixing and strong mass hierarhy can be reconciled if (i) only one right handed neutrino participates in the see-saw mechanism (or gives dominant contribution) and (ii) this RH neutrino couples equally with both LH components 22, 23 . The mass matrix for this subsystem is
It leads to one massless state and maximal mixing of the light components provided m 1 ≈ m 2 . Small corrections to the above structure result in strong mass hierarchy of the eigenstates. The dominance of only one RH neutrino contribution to the see-saw can be achieved in two different ways:
(i) one of the RH neutrinos is much lighter than two others. This is equivalent to the see-saw enhancement due to the strong mass hierarchy.
(ii) The Yukawa coupling of one RH neutrino with left components is much larger than the couplings of others RH neutrinos 24 . This leads to dominance of the corresponding two elements in the Dirac mass matrix 24 . In the latter case the mixing is enhanced by m D ν .
Large mixing from m l
There is some hint that mixing between the second and third generations of leptons can be different from the quark mixing as well as mixing of the first and second generations. Indeed,
The lepton hierarchy is weaker. Weak mass hierarhy can testify for larger mixing. So, the enhancement of mixing can be associated with the charged leptons.
The non-symmetric Dirac matrix has two off -diagonal parameters which can control independently mass hierarchy and mixing, so that the problem of fine tuning discussed in the sect. 
where ρ ∼ 1 ≫ ǫ, ǫ ′ . Mass hierarchy is determined by the smallest off-diagonal element. Since only the left component rotations contribute to the mixing, the matrices m l and m d lead to two different mixings of the quarks and leptons: The matrix m l is diagonalized by large angle rotation of the left components, whereas m d is diagonalized by small angle rotations of the left components.
Such a situation can be easily realized in the SU 5 Grand Unification, where the left components of the charged leptons, l L , are unified with the right components of the down quarks, d R in the 5-plet, whereas right components l R are unified with d L in the 10 -plets. Therefore one expects the same large rotations of the l L (which determine the mixing) and d R (which is irrelevant for mixing). 
Large mixing from m D ν
In the GU theories such as SU 5 the Dirac mass terms for upper quarks, charged leptons and neutrinos have different gauge structure:
Suppose the smallness of the mixing and the mass hierarchy characterized by small parameter ǫ is associated with 10-plet 26 . Then according to (24) one would expect (1) hierarchy (smallness of mixing) of the order ǫ 2 for the upper quarks, (2) smallness ǫ for the down quarks and charged leptons (and indeed this is observed in experiment!) (3) no hierarchy of masses and mixings for neutrinos! Thus one expects large lepton mixing. This scenario can be realized, if the states in 10-plet are mixtures of the light and superheavy (M ∼ Λ GU ) fermions 26 :
So, the hierarchy of the masses and mixing follows from mixing in the 10-plet.
Thus, large lepton mixing is consistent with the quark-lepton symmetry and the Grand Unification. The difference between the quark and lepton mixing can be related to breaking of the left-right symmetry and breaking of the GU -symmetry itself.
Family symmetry and large mixing
The observed mass and mixing hierarhy can be a consequence of the U (1) F family symmetry 27 . Let us summarize main points of the approach in 28 .
Fermions carry certain U (1) F charges. (Prescription of charges which leads to realistic mass matrices implies that U (1) F -symmetry is anomalous.) For lepton doublets and RH neutrinos we denote the charges as
2. U (1) F is spontaneously broken by non-zero VEV of the field θ with the charge q θ = −1. (In version 29 two fields θ andθ with opposite charges are introduced, see below).
3. The Yukawa couplings appear as the effective operators after U (1) Fsymmetry breaking. For neutrinos we have:
where h ij , ξ ij = O(1). M is the scale at which the operators (27) are generated. In the renormalizable theory M is the scale of masses of new heavy bosons or fermions which are integrated out in (27) . It is suggested that θ is smaller than M :
where θ c is the Cabibbo angle. It is this parameter λ that determines the mass and mixing hierarchy. The couplings (27) generate the mass matrices for neutrinos:
The see-saw formula gives for light neutrinos:
Notice that m ν does not depend on charges of the RH neutrinos. (In this approach the structures of the m D ν and M are correlated.) The charges were assigned using the phenomenological input, in particular,
(In fact, the above relations are satisfied with accuracy up to the factor 3.) This allows to reconstruct the mass matrix of down quarks, using also the equality of charges q ij + q ji = q ii + q jj :
The key result which eventually leads to the possibility of large lepton mixing is that the elements of the second and the third columns are of the same order. This means that that d 28 . As in the quark sector, the charges of the second and the third generations of leptons are equal: q 2 = q 3 . The assignment of charges leads to the mass matrix of neutrinos:
where a, b, c ∼ O(1). This matrix is diagonalized by large ν 2 − ν 3 rotation. Therefore it admits large µ− τ mixing. At the same time, the symmetry does not give large mixing automatically. Indeed, in this approach the LH components of the leptons of the second and third generations also have the same charges, and therefore, the matrix elements of the same order. As the consequence, the charged lepton mass matrix is also diagonalized by large 2 -3 rotation. Resulting lepton mixing is determined by mismatch of the two large rotations of neutrinos and charge leptons and it may not be large. Thus, explanation of the large mixing is reduced to a theory of prefactors in front of powers of λ.
As it was discussed in sect. 3.4, simultaneous explanation of the solar and the atmospheric neutrino problems implies a ≈ b ≈ c. So, precise mass and mixing pattern depends on values of prefactors which are not determined in this approach.
The equality of the charges can follow from "non-parallel" charge assignment 30 according to which the same charges have the following matter multiplets of the SU (5): 10 1 , (10 2 ,5 1 ) and (10 3 ,5 2 ,5 3 ).
In a realization of the horizontal symmetry 29 suggested earlier, the U (1) F symmetry is broken by VEV's of two fields θ andθ with opposite charges. There are two small parameters which determine the mass hierarchy: ǫ ≡ θ /M 2 andǭ ≡ θ /M 2 . Down quarks and charged leptons have different charge prescriptions which is motivated by the weak hierarchy (22) . As a consequence, the mass matrix for the charge leptons has the following hierarchical structure:
whereas in the mass matrix for down quarks the 23-element is ∼ǭ. The mixing between the second and third generations equals
where the last term follows from diagonalization of the neutrino mass matrix. The main contribution to mixing comes from the charge leptons.
Democratic approach
One can generate hierarchies of masses and mixing starting by the mass matrices of the "democratic" form 31 :
The matrix has the permutation S 3L × S 3R symmetry. The exact symmetry leads to zero mixing and only one nonzero mass eigenstate. This is the first approximation to the situation in the quark sector. Weak violation of the symmetry leads to the mass hierarchy and small mixing.
Within this framework it is possible to explain large lepton mixing and avoid the fine tuning we have discussed in sect. 3.4. The main observation is that the Majorana mass matrix has the symmetry S 3L which admits more general the form
whereÎ is the unit matrix. If for some reason (e.g. related to the zero electric charge of neutrino) b = 0, then m ν = aÎ. At the same time m l ∝D which gives the following mixing matrix:
In the limit of exact S 3L ×S 3R two leptons are massless and only tau lepton gets the mass; all three neutrinos are degenerate. The weak violation of S 3L × S 3R gives small masses of muon and electron and splitting of neutrino masses. Different forms of violation of the symmetry lead to different phenomenological consequences. In 32 the symmetry was broken by diagonal matrices
where ǫ and δ are fixed by masses of neutrinos and charged leptons. They lead to only weak modification of the mixing matrix. Instead of zero in (38) one gets −(2 m e /m µ )/ √ 6. Such a scheme can solve the solar neutrino problem via "Just-so" oscillations ν e → ν µ , ν τ with sin 2 2θ = 1. The atmospheric neutrino data are explained by ν µ ↔ ν τ oscillations with sin 2 2θ = 8/9. Small admixture of ν e in ν 3 (sin 2 2θ ≈ 16/6m e /m µ = 1.5 · 10 −2 ) can be relevant for atmospheric neutrinos and also can induce strong adiabatic transitions ν e → ν µ , ν τ in supernovae.
In contrast, the symmetry violating matrix
will lead to small ν e − ν τ mixing and ∆m 2 12 = 4ǫ ν m 0 , ∆m 2 13 = 2δ ν m 0 . Notice that in this approach the origin of the large lepton mixing is the Majorana character of neutrinos which implies S 3L symmetry and the assumption that m ν ∝Î.
In this approach the smallness of the neutrino mass is not explained, and the see-saw mechanism does not work. Indeed, the Dirac mass matrix of neutrinos m D ν ∝D leads to m ν ∝D for any non-singular mass matrix of the RH components.
Universal strength of Yukawas
According to ansatz 34 the mass matrices have the form
Certain choice of phases leads to desired mass hierarchies and mixing. For instance, α 1 = α 2 for neutrinos and α 1 = −α 2 for charged leptons result in small mixing MSW solution of the solar neutrino problem and ν µ ↔ ν τ oscillation solution of the atmospheric neutrino problem.
Beyond Three Neutrinos
There are two motivations for the introduction of sterile neutrinos: (i) to reconcile different neutrino anomalies including the LSND result; (ii) to explain existence of the large mixing in the leptonic sector (in contrast with quark sector). Large mixing implied by the atmospheric neutrino data can be the mixing of ν µ with sterile neutrino. All flavor mixings can be small. There is another, indirect connection related to the fact that large (maximal) mixing prefers degeneracy of mass. If the atmospheric neutrino problem is solved by oscillations of ν µ and ν τ which strongly mix in degenerate states, then the only way to solve the solar neutrino problem without additional degeneracy is to introduce a sterile neutrino which mixes with ν e .
Schemes with ν µ − ν s oscillations of atmospheric neutrinos
Two possibilities have been discussed. I. Intermediate mass scale scenario is characterized by neutrino mass hierarchy, small mixing, and the Majorana masses of the right neutrinos (in the context of the see-saw) at the intermediate mass scale: 10 10 − 10 13 GeV. In addition, the light singlet fermion can be introduced to solve the atmospheric neutrino problem 35 ( fig. 7) . The neutrino masses equal
ν s and ν µ mix strongly in the ν 2 and ν 4 eigenstates, so that ν µ ↔ ν s oscillations solve the atmospheric neutrino problem; ν e → ν µ , ν s resonance conversion explains the solar neutrino data, and ν 3 can supply significant amount of the HDM.
II. Grand Unification Scenario. The see-saw mechanism based on the Grand Unification leads to the mass of the heaviest neutrino (≈ ν τ ) in the range (2 − 3) · 10 −3 eV, and hence, to a solution of the solar neutrino problem via the ν e → ν τ MSW conversion. An existence of the light singlet fermion, ν s , which mixes predominantly with muon neutrino through the mixing mass m µs ∼ O(1) eV allows one 36 (i) to solve the atmospheric neutrino problem via the ν µ ↔ ν s oscillations, (ii) to explain the LSND result and (iii) to get two component hot dark matter in the Universe (fig. 8 ). Similar scheme has been suggested previously in another context 37 .
On ν µ − ν s solution of the atmospheric neutrino problem
There are two important features of the ν µ − ν s oscillation solution which distinguish it from the ν µ − ν τ one. (i) Matter effect is important for the ν µ − ν s mode and it does not influence practically ν µ − ν τ mode. The matter effect changes total numbers and distributions of the upward-going muon events and the multi-GeV events.
The matter potential for the ν µ − ν s system is determined by the concentration of neutrons V = G F n n / √ 2. For ∆m 2 < 10 −2 eV 2 and energies E > 25 GeV the zenith angle (Θ) dependence of the ν µ − ν s survival probability has rather peculiar form with two dips 35, 38, 39 . The wide dip with minimum at the zenith angles cos Θ ∼ −0. at cos Θ ∼ −0.8, is due to resonance enhancement of oscillations in the mantle of the Earth. The second narrow dip at cos Θ ∼ −0.8 − 0.95 is due to the parametric enhancement of oscillations for neutrinos which cross both the core of the earth and the mantle of the Earth. The enhancement occurs when the phase of oscillations in the mantle and in the core equals π. The integration over the neutrino energies leads to significant flattening of the zenith angle dependence of the upwardgoing muons 38 . Shallow minima still can be seen in the vertical bins and at cos Θ ∼ −0.6 ÷ −0.4. Such a dependence differs from the one for the ν µ − ν τ oscillations (where the matter effect is absent). It resembles the dependence in the MACRO experiment, where however, the suppression in the vertical bins is stronger. Clearly, more data is needed to identify the solution.
(ii) The rate of the neutral current events should be sustantially suppressed in the ν µ −ν s case, and the rate is not changed in the ν µ −ν τ case. The best way to study the NC effects is to detect the so called "π 0 " -events 40, 41, 42 : isolated π 0 which can be identified by the two gamma decay. Main contribution to "π 0 " -events comes from reaction
At the SK, "π 0 " -events can also be generated by the charged current reactions e.g. ν µ N → µN ′ π 0 , when µ is below the Cherenkov threshold (similar is for electron neutrinos). The ν µ − ν τ oscillations only weakly suppress the number of "π 0 ", whereas ν µ − ν s can suppress the "π 0 " rate by 30 -40 %.
Preliminary SK data for 535 days give 210 "π 0 " events. This number exceeds the expected 192.5 events. To avoid normalization uncertainties one can consider the ratio of numbers of the "π 0 " -events and the e-like events: π 0 /e. The experiment gives
which is consistent with both channels of oscillations. The double ratio is smaller than 1 in spite of the the excess of the π 0 due to even larger excess of the e-like events. Large systematic error in (43) is related to uncertainties in the cross-sections. Notice that multi-pion production reactions give significant contribution to the π 0 events (due to Cherenkov radiation threshold one or even more pions are not detected). In 41 the total uncertainty was estimated as being at the level 30%. The uncertainty will be diminished by direct measurements of the cross-section in the "forward" detector of the long baseline experiment K2K 40 .
Another uncertainty is related to background, e.g., from interactions of neutrons in the detector. For the π 0 events this background is much more significant than for the e-like events since only in 17% of cases π 0 will induce the e-like event.
It is also possible to study the zenith angle dependence of the π 0 -events which is free of the uncertainties in the cross-section 42 . Another suggestion is to study the up-down asymmetry of the inclusive multiring events 43 . Of course, the detection of the tau leptons produced by the ν τ would be direct way to identify the solution. However, the number of the expected events is rather small 44 , and it is difficult to reconstruct them.
Scheme with two degenerate neutrinos
Maximal mixing prefers strong mass degeneracy. Therefore the atmospheric neutrino result can be considered as an indication that ν µ and ν τ are strongly mixed in the two almost degenerate neutrino states: ∆m ≪ m 2 ≈ m 3 ≈ m 0 . If m 0 ∼ 1 eV, these neutrinos can compose the 2ν HDM component in the Universe. In this case the splitting should be ∆m ≈ (2 − 5) × 10 −3 eV. The first neutrino composed, mainly, of ν e can be much lighter: m 1 ≪ m 0 , so that no observable signal in the double beta decay is expected.
To explain the solar neutrino deficit one can introduce sterile neutrino which mixes with ν e . Then solar neutrinos undergo the ν e → ν s resonance conversion. This solution is characterized by weaker day-night effect but stronger distortion of the energy spectrum as compared with ν e → ν µ conversion. The resulting scheme ( fig. 9) can also explain the LSND result, if the admixture of the ν e in the heavy state is large enough U e3 ∼ 2 × 10 −2 (see 45 ). From phenomenological point of view there is no difference between the sterile neutrino and light singlet fermion. The difference can be related to the origin of this state. We can keep the notion of the sterile neutrinos for the states which have generation structure. That is, one may expect that there are three sterile neutrinos. Such a possibility is realized in the GU theories with extended symmetry like E 6 46 where each fermionic generation (in 27-plet) contains neutral fermion being a singlet of SO (10) . Another realization is the models with mirror symmetry 47 , where each neutrino has its mirror counterpartner. However, even in these cases it could be that not all three additional neutrinos are light, and therefore number of light additional states is smaller than three.
Light singlet fermions have no generation structure. They follow from some other sector of theory. Their number is not related to the number of fermionic generations. It can be only one such a light singlet. For instance, axino or susy partner of the majoron can play the role of the singlet 48 .
Common questions are
Why the singlet is so light ? How does it mix with usual neutrinos? A number of new possibilities has been considered recently.
Light singlet and supersymmetry
Some hint to the origin of the singlet may follow from the following numerology. In the supersymmetric theories there are additional mass scales which can determine properties of the singlet fermion: a scale of the supersymmetry breaking (the gravitino mass m 3/2 ), the µ parameter, the string scale and Planck scale M P . The singlet may "know" about these scales. Using mass parameters m 3/2 (or µ) and M P one can compose the following mixing mass :
where H 2 is the VEV of the Standard model Higgs, and it is obviously needed to mix the doublet neutrino with singlet. The mass of the singlet can be constructed as
It is interesting that for the supergravity value m 3/2 ∼ 1 TeV the masses m S and m νS lead to oscillation parameters required for a solution of the solar neutrino problem via the MSW ν e → S resonance conversion 49 . In particular, the mixing angle is determined simply by the ratio of the electroweak scale and the gravitino mass
In the above example the mass parameters being proportional to m 3/2 appear when SUSY is broken. Alternatively, one can use supersymmetric µ-parameter instead of m 3/2 49,50 . In this case m S and m νS exist even in the supersymmetric limit. This opens a possibility to realize the scenario in models with gauge mediated SUSY breaking, where m 3/2 is small 50 . In 49 it was suggested that S originates from the Hidden sector of theory. One possibility is that S is the modulino -supersymmetric partner of the moduli field 49 . In this case the R-parity should be broken.
If S is a non-moduli field, its properties can be determined by additional U (1) gauge factor which is broken at TeV scale 49 . This idea has been elaborated recently in 51 . Mass terms of the sterile neutrino are generated by the non-renormalizable effective interactions with Large ν µ −ν τ mixing can be naturally associated with mass degeneracy. In such a scheme, the solar neutrino problem is solved via the ν e − ν s conversion. The latter can be checked by studies of correlation of the spectrum distortion and the day-night effect at SK and in future by studies of the neutral current interactions in Sudbury Neutrino Observatory. 5). The number of the phenomenological schemes of neutrino masses and mixing is rather restricted now. Clear signatures exist for each scenario. The key steps in reconstructing the neutrino mass spectrum are:
(i) identification of the solutions of the atmospheric neutrino problem: ν µ − ν τ or ν µ − ν s ;
(ii) clarification of the role of the subdominant mode ν µ − ν e in the oscillations of atmospheric neutrinos;
(iii) identification of the solution of the solar neutrino problem: Just-so, MSW or may be something else?
(iv) clarification of a role of sterile neutrinos in conversion of the solar neutrinos.
Note added
Materials included in this review have been published or reported before the Symposium (middle of June, 1998). Since that time large number of new papers in the field has been published. Below we give some relevant references.
1. Phenomenology of various scenarios of neutrino mass and mixing have been studied in 53, 54, 55, 56 . 2. A number of publications 57, 58, 59, 60 is devoted to properties of the mass matrices (textures, symmetries) which lead to explanation of the solar and atmospheric neutrino problems. Scenario with bi-maximal mixing is of special interest (for the phenomenological aspects see e.g. 62 ). There are several attempts to construct the model which naturally leads to bi-maximal mixing. Gauge model with four generations and certain discrete symmetry has been suggested in 63 . Another version 64 is based on the left-right symmetric gauge model with additional S 3 ×Z 4 ×Z 3 ×Z 2 symmetry. See also 65 . The bi-maximal mixing has been also considered in the MSSM with single RH neutrino 66 as well as in SO 10 GUT 67 . 3. Consequences of the U (1) flavor symmetry for the neutrino mass matrix and lepton mixing were further elaborated in 68, 69, 70, 71 . It is argued that large lepton mixing can be a natural consequence of the U (2) flavor symmetry 72 . 4. The "democratic approach" has been summarized in 73 . As is shown in 74 the democratic mass matrices can be "embedded" in the Grand Unified SU (5) model. The scenario with three degenerate neutrinos has been discussed in 75 . 5. Aspects Generation of large lepton mixing has been considered in minimal version of the see-saw mechanism 76 in GUT 77 , in models with radiative mechanism 78 , and in composite model 79 . New possibilities of the description of neutrino data in models with gauge mediated SUSY breaking have been studied in 80 . 6. A number of papers is devoted to generation of neutrino mass in supersymmetric models via the R-parity violating interactions 81, 82, 83, 84, 85 . 7. Phenomenology of schemes with more than 3 light neutrinos and properties of the corresponding mass matrices were discussed in 86, 87, 88, 89 . There are new attempts to construct a (3 + 1)-model (three active neutrinos and one sterile neutrino) based on the radiative mechanism 90 as well as singular see-saw 91 . 8. New mechanism for generation of the light sterile neutrino in the supersymmetric model with gauge mediated SUSY breaking 92 has been suggested. The see-saw model of sterile neutrino was considered in 93 . 9. Completely new possibilities to explain smallness of neutrino mass and the lepton number violation as well as appearance of the light singlet states are based on existence of large extra dimensions 94, 95, 96 , see also 97 .
